Since an important part of photosynthesis occurs in the chloroplast, attempts to understand this phenomenon must be based on a more definite knowledge of the chloroplast structure. Recent reviews have provided us with some information regarding the chemical nature and physical structure of isolated chloroplasts (1 a-c). Available evidence indicates that the chloroplasts and grasm are discs or plates, as has been shown from polarizing, ultraviolet, and electron microscopy studies (2 a-g). But there has been little if any experimental evidence regarding the internal structure and the orientation of these discs or plates to one another. Recently, however, one of us, in collaboration with Palade, found direct evidence for the existence of a laminated structure in the chloroplasts of two algal flageUates. By employing the electron microscope in conjunction with newer fixing and sectioning techniques, we were able to study the chloroplasts as oriented in the intact cell (3, 4). The resolution was sufficiently good to delineate dearly the existence of a laminated structure in the chloroplast d Euglena gracilis consisting of approximately 20 plates or discs 250 A in average thickness with less dense interspaces of approximately 300 to 500 A in thickness. In Poteriochromonas stipitata, both the light and dense layers were about 390 A thick and the average number of dense bands was about 10. However, this laminated chloroplast structure was found only in the light-grown organisms; there was no ordered structure in the darkgrown organisms. These facts and others concerning the fine structure of chloroplasts are to be published (4).
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Since the foregoing work was concluded, additional studies have been made on the geometry of the chloroplast, and quantitative determinations of the chlorophyll concentration per organism and per chloroplast were carried out on both algal flagellates. All these data now afford an opportunity to quantita-tively evaluate the similar theories, independently proposed by Hubert (5) , Frey-Wyssling (6 a), and Menke (7), that chloroplasts and grana are composed of protein and lipid layers separated by monomolecular layers of chlorophyll molecules. It is with this evaluation that we are concerned in the present paper. However, some details relative to the experimental methods and techniques, with additional information, are given.
Experimental Methods and Data
Two algal flagellates, Euglena gracilis var. bacillaris and Poteriockromonas stipitata (a phagotrophic chrysomonad), were grown as previously described by Wolken and Palade (4) in a chemically defined culture medium (8 a, b) under continuous light at room temperature (,-~25°C). They were cultured in cotton-plugged 1 liter bottles containing 330 ml. of fluid and in 30 ml. test tubes containing 10 ml. fluid, without stirring or additional aeration. Microscopic examination of the organisms showed Euglena to measure 50 X 15/z, with some 70 X 15 ~ and 35 X 20~ in size; whereas Poteriockromonas are almost spherical organisms measuring from 3 X 5 # to 7 X 8 ~.
Electron Microscopy.--The fixation, dehydration, embedding, and sectioning used have been described by Palade (9) and by Wolken and Palade (4) , and are only briefly noted here. The organisms were fixed in 1 per cent osmium tetroxide in either 0.21 sucrose pH 5.6-7.4 or 0.028 ,r acetate-veronal buffer pH-7.0-8.0. Fixation was usually carried out for 1 to 4 hours. Dehydration was effected through a series of ethanols, after fixation, in about ~ hour. Embedding was conducted in n-butyl methacrylate and polymerized by 2,4-dichlorobenzoyl peroxide. This treatment does not appreciably affect the cell dimensions (9) . Sectioning was done on a microtome using glass knives which cut sections 0.05 #. The sections were examined in an RCA model EMU electron microscope, without shadow-casting or removing the plastic from the specimens. 1
Geometry.--The chloroplast dimensions were determined by measurements obtained from the electron micrographs of both Euglena and Poteriockromona~. Euglona gracilis and Poteriockromonas stipitata. In a given experiment, the width, diameter, number of laminae, thickness of dense bands, and thickness of interspaces represent an average of measurements taken on 5 to 10 chloroplasts. The arithmetic mean values for ten separate experiments are summarized in Table I . Each layer (dense band) appears to have a central layer of lighter material covered on both sides by a thinner and denser layer 60 to 100 A in thickness. These measurements were calibrated against the known diameter of latex particles. (See also references 3 and 4 for general morphology of organisms and other electron micrographs.)
The average number of chloroplasts per cell for Euglena was determined from the electron micrographs, in which the number per cell of 100 cells was averaged. For Poter~ockromonas, only two chloroplasts per cell were found in nearly all our electron micrographs. Occasionally we did find an organism with one or three chloroplasts, but two was taken as the average number (Table II) .
Chlorophyll Analyses.--From different cultures and at various time intervals
x This work was performed at the Rockefeller Institute.
during the log phase of growth of both organisms, a I0 ml. suspension of cells was removed, and the number of organisms per milliliter was determined in a Levy blood-counting chamber. The organisms were then concentrated by centrifugation, washed several times with distilled water, and the pigment extracted with 85 per cent acetone. The chlorophyll concentration of the pigment extract was determined according to the method described by Arnon (10) , in which the concentrations of chlorophyll a and b are determined by measuring the optical density of the acetone extracts in a Beckman spectrophotometer at 663 and 645 m#, using the specific absorption coefficients for chlorophyll a and b as given by McKinney (11) . An independent check on this determination can be easily made by measuring the optical density of the intersect of chlorophyll a and b at 653 n~ (10) . Continuous absorption spectrums of the acetone extracts from both organisms were obtained by use of the Cary recording spectrophotometer. The chlorophyll concentrations were determined from the optical density value on the recordings at 645, 663, and 652 mp. The calculations were made in milligrams and converted to moles; in this conversion, 900 was taken as the average molecular weight of chlorophyll. Knowing the number of moles of chlorophyll, one can easily calculate the number of chlorophyll molecules in the average cell by: MX6X 1023 C =ffi L in which C is the number of molecules of chlorophyll per cell, M is the moles of chlorophyll calculated from the absorption spectra, 6 X 10 ~ is Avogadro's number, and L is the number of cells. From the number of molecules of chlorophyll per cell, C, calculated from the above equation, and the average number of chloroplasts per cell, p, the average number, N, of chlorophyll molecules per chloroplast is easily obtained; i.e., N = C. Ten separate determinations of the chlorophyll concentration P were made for each organism. The results are summarized in Table II . 
Calculations
The geometrical and analytical data presented above, taken together, are consistent with the picture of ordered structure in chloroplasts previously proposed (5) (6) (7) . This picture hypothesizes a lamellar structure in which alternate parallel lipid layers are separated from layers of aqueous protein complexes by monomolecular films of chlorophyll molecules, the hydrophilic porphyrin "head" of each chlorophyll molecule extending into the aqueous protein complex and the lipophilic phytol "tail" reaching into the lipid layer. Figs. 1 and 2, which are electron micrographs of the chloroplasts of the flagellates Euglena gracilis and Poteriochroraonas slipitata, show clearly the laminated structure.
Furthermore, a large number of such electron micrographs have been employed to obtain good statistical averages of the outer dimensions of the chloroplasts and of the number of laminae within them.
This information, coupled with a knowledge of the average number of chlorophyll molecules in each chloroplast, affords an opportunity for quantitatively testing the validity of the monomolecular film hypothesis. This is done by calculating the area available to the hydrophilic head of the chlorophyll molecule, and then comparing the values so calculated with known dimensions of the molecule obtained from x-ray studies. The agreement obtained for the chloroplasts from both flagellates is remarkably good.
The calculation is effected by assuming that the chloroplasts are disc-shaped. There is much evidence, direct and indirect, for this assumption, but it is here based primarily on the following observations. (a) Evidence from numerous electron micrographs indicates that the chloroplasts are rather uniform in length. The longest chloroplast observed did not exceed the average length by more than 50 per cent, and very few chloroplasts measured less than one-half of the average length. (b) There were remarkably small deviations in the thickness of the chloroplasts, as may be seen from Table I . Furthermore, in the individual chloroplasts there were, for the most part, only small end-to-end variations in thickness. These same observations apply when a knife is used to slice randomly through the face of a disc-shaped model. The average length of a cut is, in this situation, 7r/4 times the diameter of the disc. Unless the flat surface of the knife were inclined toward the disc surface at an angle which was very different from 90 ° , the thickness of the cut would deviate little from the true thickness of the disc. For example, a cut at 45 ° to the disc surface is only about 40 per cent thicker than a 90 ° cut.
On the basis of these considerations, a schematic model of the chloroplast illustrated in Text- fig. 1 in which N is the average number of chlorophyll molecules per chloroplast. By employing the values of these quantities presented in Tables I and II, one obtains for the available area 222 X 10 -le cm 2. and 246 X 10 -is cm ~. for
Euglena gracilis and Poteriochromonas stipitata, respectively. Since the crosssectional area of the hydrophilic head of the chlorophyll molecule is known to be about 225 to 242 X 10 -Is cm 2. (12 a, 6 b), these results are surprisingly good and they indicate that all the available chlorophyll molecules could be packed into the available interracial area. However, in view of the experimental uncertainties, there would probably still be space available at the interstitial positions between the chlorophyll molecules for the carotenoid pigments which possess hydrophilic groups such as the OH groups on the xanthophylls. These speculations are expressed in the enlarged portion of Text- fig. 1 . The suggestion of Baas-Becking and Hanson (13) that four chlorophyll molecules are united to form tetrads, in which the reactive isocyclic rings turn toward each other, is employed in this figure. Interaction between the phytol tails is elimi-nated by arranging the tetrads in such a way that one, and only one, of the phytol tails is located at each virtual intersection in the rectangular network. This arrangement has the advantage of leaving adequate space for the carotenoid pigments. If these spaces are occupied as shown, there will be at least one carotenoid molecule for every three chlorophyll molecules in the network.
Since the molecular weights of the carotenoid molecules are one-half to twoTExT-Fro. 1. Schematic molecular network for chlorophylls and carotenoids.
thirds of the molecular weight of the chlorophyll molecules, a weight ratio, chlorophyll to carotenoid, of approximately 4:1 to 6:1 is to be expected. On the other hand, the carotenoid molecules are slender linear molecules, probably less than 6 or 7 A in diameter, and therefore more than one molecule could conveniently fit into the 15 A X 15 A holes formed by the chlorophyll tetrads. From symmetry, one might expect as many as four molecules per hole, but this would lead to very tight fitting which would be energetically improbable. One can, therefore, put a lower limit on the number of chlorophyll to carotenoid molecules of roughly one to one and a weight ratio of two to one. These figures are approximately consistent with available data (12 b). The average number of chlorophyll molecules in the interracial monolayers is obtained simply by dividing the chlorophyll concentration by twice the number of dense layers. For Euglena gracilis, the number is 25 X 10 ~ molecules per layer and for Poteriochromonas stipitata, 0.55 X lff. The number of chlorophyll molecules per unit area in the intedacial monolayers, is of course just the reciprocal of the area available to each molecule, that is, approximately 4 X 1018 molecules per cm 2.
It is of interest to compare the concentration of chlorophyll molecules within these chloroplasts with those found by other workers. Rabinowitch (12 c) reports that Von Euler, Bergman, and Hellstrom calculated that 1.7 X 10 9 molecules of chlorophyll are present in a single chloroplast of Elodea densa.
This figure corresponds to a concentration of 0.1 mole per liter. Rabinowitch also indicates that Godnev and Kalishevich found that the leaf of Mnium contained an average of 1.6 X 10 ~ molecules of chlorophyll in each chloroplast.
Since the volume of an average chloroplast of Mnium is 4.1 X 10 -11 ml., the concentration of chlorophyll in it is 0.065 mole per liter. The corresponding figures in the present case are, for Eugle~, 6.6 X 10 -11 ml. and 0.025 mole per liter, and, for Poteriochromonas, 1.1 X 10 -11 ml. and 0.016 mole per liter.
These data are summarized in Table III. SUMMARY 1. The data on the fine structure of the chloroplasts and the chlorophyll analyses, in two algal flagellates, Euglena grc~ills and Poteriockromonas stitritara, are consistent with the assumption that the chlorophyll molecules are arranged in monomolecular layers at the interfaces between the lipid (dense) and the aqueous protein complex layers.
2. The cross-sectional area available to each chlorophyll molecule in the chloroplasts of Ruglena and Poteriochromonas was found to be 222 > 10 -le cm 2. and 246 X 10 -qe cm 2. By comparison, the cross-sectional area of the hydrophilic head of the chlorophyll molecule is approximately 240 X 10 -le cm s.
3. The model of the molecular network depicted in Text- fig. 1 is purely speculative. It predicts a lower limit for the number ratio of chlorophyll to other pigment molecules of about 1:1 and a weight ratio of 2:1. A loose packed structure such as that shown in Text- fig. 1 predicts a weight ratio of 4:1 to 6:1. These values bracket the large majority of experimental values found for this ratio.
The relative constancy of the number of chlorophyll molecules per chloroplast and the volume of the chloroplast indicated by the data in Table III suggest that chloroplasts probably possess a similar structural arrangement in a variety of photosynthetic microorganisms and plants.
